The photoisomerization properties of an azobenzene derivative on a thin insulating NaCl layer on Ag(111) are investigated with a low-temperature scanning tunneling microscope and density functional calculations. Illumination with UV light at 365 nm induces the reversible direct isomerization of the adsorbed species, while visible light does not lead to any changes. This unexpected behavior cannot be explained by the change of the electronic structure upon adsorption on the inert surface. It is rationalized in terms of electrostatic interactions caused by the atomistic details of the surface.
The photoisomerization properties of an azobenzene derivative on a thin insulating NaCl layer on Ag(111) are investigated with a low-temperature scanning tunneling microscope and density functional calculations. Illumination with UV light at 365 nm induces the reversible direct isomerization of the adsorbed species, while visible light does not lead to any changes. This unexpected behavior cannot be explained by the change of the electronic structure upon adsorption on the inert surface. It is rationalized in terms of electrostatic interactions caused by the atomistic details of the surface. 
I. INTRODUCTION
Future nanoelectronics and nanomachines demand active elements on a molecular scale to trigger and to control their functionality. 1 Photochromic molecules are highly attractive candidates for this purpose because light can reversibly switch them between two different states. 2 Among photochromic molecules, azobenzene derivatives are extensively studied because of their robust photoisomerization in solution phase 2 and on top of self-assembled monolayers. 3 For a potential implementation into real devices, however, the active elements, including the photochromic molecules, have to work under different environments, especially in contact with a surface. This contact with a surface is expected to alter the photoisomerization properties substantially, e.g., by bond formation, steric hindrance, or electronic quenching. Indeed, the photoisomerization of native azobenzene molecules directly adsorbed on a metal substrate is suppressed 4 presumably because of a shorter lifetime of the photoexcited state on the metal surface. As a consequence, azobenzene molecules have been functionalized with tert-butyl spacer groups, which are intended to lift the azobenzene scaffold away from the surface, while keeping the molecular plane parallel to it. Although exposure to light led to isomerization of the azobenzene derivative on Au(111), [4] [5] [6] this was not related to the direct photoisomerization of the molecule. Rather, the light was first absorbed by the d-band of the metal and then the isomerization was induced by an electron transfer from the molecule to the thus created hole in the d-bands. 5 Another attempt for decoupling of a dye molecule from a Cu(111) surface was based on physisorption. 7 In this study, the molecules could be switched between the isomers by exposure to UV light, while usually on this surface the isomerization is completely quenched. The position of the d-bands of copper suggested that the substrate-mediated process is not accessible.
Here, we report the direct photoisomerization of a bistable azobenzene molecule, 4,4 -dihydroxyazobenzene [DHA, see Figs. 1(a) and 1(b)], in contact with a surface using a mercury arc lamp. We achieve this by decoupling the molecule from the metal substrate by a thin insulating layer of sodium chloride (NaCl). [8] [9] [10] We investigate the two isomer configurations and the isomerization process by STM at 5 K. By wavelengthdependent measurements, we reveal that photoisomerization is possible via one out of two possible pathways only. In the liquid phase, the rotation pathway follows excitation of the π -π * transition [cf. Fig. 2 (h), inset, below] by UV light and the inversion pathway follows the excitation of the n-π * transition by visible light. 11 On the NaCl surface, the latter pathway is suppressed. Possible origins of this quenching are discussed based on density functional calculations.
II. EXPERIMENTAL AND THEORETICAL METHODS
The measurements are performed with a scanning tunneling microscope at 5 K under UHV conditions. The 4,4 -dihydroxyazobenzene molecules are deposited at 17 K onto NaCl islands grown on a clean Ag(111) surface. The sample is illuminated in situ the STM by a 100 W mercury lamp with different filters. The angle of incident is 85
• and the spot size is approximately 1.1 cm 2 . The intensities on the sample are 80 mW cm −2 for the UV filter and 442 mW cm −2 for the vis filter. During illumination, the STM tip is retracted as far as possible away from the sample and the incoming light (up to 250 nm vertically and up to 450 nm horizontally) in order to minimize the shadowing effect of the tip. The absorption spectra in 1,4-dioxane were determined by means of a Cary 5E UV-vis-NIR spectrophotometer using a quartz cuvette with the solvent as the reference standard. The irradiation of the solution is done by an 8 W laboratory UV lamp of type NU-8 KL with an emission maximum at 366 nm.
Adsorption geometry and electronic structure of both DHA isomers are calculated within density functional theory. Our structural model is based on a (4 0, 2 6) overlayer structure of NaCl on an Ag(111) surface with the lattice vectors a = (1.157, 0, 0) nm and b = (1.446, 1.503, 0) nm. With an experimental lattice parameter of a Ag = 0.409 nm for silver and a bulk lattice constant of a NaCl = 0.564 nm, this results in 2.5% and 4.5% strains in the NaCl layers along the two unit-cell vectors, respectively. We use an asymmetric repeated slab approach with three layers of Ag, two NaCl layers, and the DHA molecule adsorbed on the top side. For the determination of the adsorption geometry, we allow all structural degrees of freedom to be relaxed except for the positions of the bottom two Ag layers. We treat exchange-correlation effects by the generalized gradient approximation 12 and take into account van der Waals interactions by an empirical correction scheme. 13 We use the VASP code with the projector augmented wave method, 14 a plane-wave cutoff of 285 eV, and a k grid of 3 × 2 × 1.
III. RESULTS AND DISCUSSION
Scanning tunneling microscopy (STM) investigations have proven the principal feasibility of isomerization of azobenzene derivatives on metal surfaces by electrons or by the electric field of the STM tip and have established the appearance of this molecule in STM images. [15] [16] [17] The trans-configuration of other azobenzene derivatives on metal surfaces is imaged by STM as a double protrusion with a distance between the protrusions in the region of 0.5-1.5 nm. [15] [16] [17] Indeed, double protrusions with a distance of (1.31 ± 0.08) nm are observed after the deposition of DHA on NaCl [see Fig. 1 (c) and the line scan in Fig. 1(d) ]. This length fits to a planar adsorbed molecule with the end groups being the most prominent features in the STM images [see the ball-and-stick model in Fig. 1(a) ] as expected for a physisorbed molecule. 18 We illuminate such trans-isomers with UV light (365 nm) for up to 18 h. The large-scale images in Figs. 2(a) and 2(b) demonstrate that we are able to image the same area of the surface after this illumination. The trans-isomer is converted into a single protrusion [Figs. 2(c) and 2(d)] 19 with a slightly asymmetric shape and a larger apparent height as compared to the double protrusion. A line scan of a similar protrusion as found directly after adsorption is shown in Fig. 1(d) . Qualitatively similar ellipsoidal protrusions were identified before as the cis-configuration of unsubstituted azobenzene molecules on Au(111) (Ref. 16 ) and of amino-nitro-azobenzene on NaCl/Ag(111). 20 Note that the interpretation of the STM images is in line with a multitude of previous studies of azobenzene derivatives. 21 The cis-configuration can be converted back into the transconfiguration by illumination with UV light (365 nm), which is evidenced by the STM images in Figs. 2(e) and 2(f) taken before and after light exposure, respectively. at the same molecule. 22 We thus demonstrate reversibility based on manipulation experiments with the STM (Fig. 3) . These manipulations trigger the reversible isomerization by inelastically tunneling electrons (cf. Ref. 20) . Both, trans-cis and cis-trans isomerization can be induced with the same bias voltages above 0.8 V in both polarities. A threshold in this region corresponds to the height of the energy barrier in the ground state between the two isomers. 21 We continue by discussing possible mechanisms of the UVlight-induced isomerization demonstrated in Fig. 2 concluding that it is triggered via direct light absorption by the molecule. Thermal isomerization is excluded because the temperature during light exposure rises by less than 5 K. The corresponding thermal energy at 10 K is far below the ground-state isomerization barrier of ≈0.8 V. 23 Furthermore, annealing the sample at 10 K for the longest illumination time of 18 h does not lead to any changes. Indirect, i.e., substrate-mediated, isomerization is unlikely due to the presence of the 0.56-nmthick NaCl spacer layer, which reduces the transfer probability of the photoexcited substrate electrons to a negligible value. Furthermore, the energy of the UV light (365 nm, 3.4 eV) is not sufficient to excite Ag(111) d-band electrons (band edge ≈4 eV below the Fermi energy), which triggered the above-discussed isomerization of tetra-tert-butyl-azobenzene on Au(111). 5 The direct photoexcitation at 365 nm leads to isomerization of approximately 40% and 71% of the trans-molecules after 13 and 15 h, respectively. After 18 h, corresponding to a photon dose of 1.4 × 10 22 cm −2 , nearly all trans-isomers are converted into cis-isomers (82 ± 18)%. The statistics is based on roughly 50 molecules. The stationary state is thus reached after only a five-times-higher photon dose than for the substrate-mediated photoisomerization of tetra-tert-butylazobenzene on Au (111) In order to further elucidate the isomerization process, we analyze its wavelength dependence. First, the wavelength of the UV filter (365 nm) is compared to the absorbance spectra of the DHA molecules in 1,4-dioxane [ Fig. 2(h) ]. It matches the π -π * absorption peak of the trans-configuration. This transition is followed by the so-called rotation pathway, in which the trans-to-cis isomerization is achieved by rotating the molecule around the N-N double bond.
The probability for the reversed switching is only about 5% within 18 h in our experiment. The smaller probability of cistrans isomerization as compared to trans-cis isomerization is in agreement with the reduced intensity of the π -π * adsorption peak for the cis-isomer [ Fig. 2(g) ].
On the other hand, it is known from liquid phase experiments that exciting the n-π * transition by visible light results in the inversion pathway. 2 In this case, the cis-trans isomerization is accomplished by an inversion of the N-C bond with the nitrogen's lone pair orbital. We thus illuminate the sample with the vis filtered light. Although we use a three-times-larger photon dose of 5 × 10 22 cm −2 , no isomerization is observed for the adsorbed DHA. From our experiments, we conclude that the rotation pathway is active also for the adsorbed molecule while the inversion pathway is efficiently suppressed by adsorption of the molecule onto the NaCl.
We now discuss possible reasons for this suppression of the inversion pathway. Adsorption onto the surface could affect three processes. First, the switching of a dye molecule is initiated by absorbance of the light. Second, the excitation should live long enough to allow for the much slower change in nuclear positions. Finally, the motion of the different molecular parts should not be hindered. To identify the affected process, we calculate the electronic structure of adsorbed DHA by DFT and compare it to that of the isolated molecule. The adsorption site used as a starting point in the calculations is supported from experiment by employing a functionalized tip, 20 which allows us to image the molecules (though with a different shape) and the chlorine lattice simultaneously [lower inset in Fig. 2(g) ].
Though it is not obvious how the molecule is imaged, we utilize the symmetry of the molecule to identify the adsorption tip. The symmetry implies that the azo-group is positioned in the middle between these two circles. The common motif of all adsorption sites is the position of the azo-group above a fourfold hollow site, in between two chlorine and two sodium atoms similar to the adsorption of amino-nitro-azobenzene on the same surface. 20 As the understanding of imaging with functionalized tips is still at its infancy, these determinations are not beyond all doubt. However, the calculation showed that the position of the azo-group is of minor importance as binding is through the hydroxyl end groups.
Figures 4(a) and 4(b) display top and side views of the relaxed trans-DHA adsorption geometry, respectively, while Figs. 4(d) and 4(e) show the corresponding cis-adsorption geometry. We rationalize the computed adsorption sites and geometries in terms of electrostatic interactions between the hydroxy end groups and the ionic NaCl surface. For the transisomer, the negatively charged oxygen atoms are pulled toward the Na cations leading to an overall bending of the molecule with an O-Na distance of 0.28 nm while the azo-group is 50 pm higher [ Fig. 4(b) ]. Also the cis-isomer attaches with its oxygen atoms pointing toward the Na ions while the azo-group is lifted off the surface [ Fig. 4(e) ]. Thus, both adsorption geometries differ from the adsorption geometries on metals, on which the azo-group pulls the molecule toward the surface. 25 The nature of the bonding on NaCl is visualized by plotting the electrostatic potential of the molecule and of the uncovered NaCl surface in Figs. 4(a) and 4(d) , respectively.
We further analyze the electronic structure of the adsorbed molecules in terms of the projected density of states (pDOS) [Fig. 4(c) ]. The pDOS reveals negligible differences in the energetic position and spread of the adsorbed molecule's π , n, and π * orbitals as compared to those of the same isomer in the gas phase. Thus, a suppression of the isomerization induced by visible light is not due to a change in optical transitions. Particularly, the n orbital, which is localized at the azo-group, remains almost unaffected upon adsorption due to its comparably large distance from the surface. Furthermore, such a minor change also makes a faster deexcitation within the molecule unlikely. Also, the charge-transfer probability to the metal surface across the 0.56-nm-thick NaCl is negligible on the time scale of isomerization. We conclude that electrostic repulsion is the likely cause for suppressing the inversion pathway.
However, why should one ring be hindered to move in parallel to the surface? Here, we should keep in mind the polar nature of the OH end groups as visualized by the electrostatic isosurface map in Fig. 4(a) . In a possible inversion pathway, the OH group would have to slide over the Cl anion where electrostatic interactions clearly provide an additional energy barrier, thereby preventing this pathway. This is illustrated in Fig. 5(a) . In contrast, the rotation pathway allows for an energetically more advantageous situation as visualized in Fig. 5(b) . One oxygen atom can remain at its favorable adsorption site during the complete isomerization path; the other oxygen atoms slides along a Na column, thereby experiencing only minor electrostatic barriers.
We are aware of the fact that our above arguments are based on the potential energy landscape of adsorbed molecules in their ground state, while a full treatment of the photoisomerization process would require the knowledge of the potential energy surface in an optically excited state. Unfortunately, this is out of reach for molecules adsorbed at surfaces using present-day ab initio methods. Nevertheless, we believe that the ground-state energetics correctly captures the molecule-substrate interactions, which we identify to be responsible for the preference of the rotation over the inversion pathway since the dominant electrostatic interactions of the hydroxy end groups with Na and Cl surface ions would be likewise present in optically excited state.
IV. CONCLUSION
In summary, we have demonstrated a bistable photo switch in contact with a substrate. Switching is feasible via the rotation pathway of trans-cis isomerization but not via the inversion pathway because of electrostatics. This demonstrates that the atomistic details of an inert surface have to be considered because they might significantly influence the nanoscale functionality of single molecules.
